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Abstract: Most chiral metamaterials and metasurfaces are designed to operate in a single
wavelength band and with a certain circular dichroism (CD) value. Here, mid-infrared chiral
metasurface absorbers with selective CD in dual-wavelength bands are designed and demonstrated.
The dual-band CD selectivity and tunability in the chiral metasurface absorbers are enabled
by the unique design of a unit cell with two coupled rectangular bars. It is shown that the
sign of CD in each wavelength band can be independently controlled and flipped by simply
adjusting the geometric parameters, the width and the length, of the vertical rectangular bars. The
mechanism of the dual-band CD selection in the chiral metasurface absorber is further revealed by
studying the electric field and magnetic field distributions of the antibonding and bonding modes
supported in the coupled bars under circularly polarized incident light. Furthermore, the chiral
resonance wavelength can be continuously increased by scaling up the geometric parameters
of the metasurface unit cell. The demonstrated results will contribute to the advance of future
mid-infrared applications such as chiral molecular sensing, thermophotovoltaics, and optical
communication.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chirality is a particularly important phenomenon in nature which is observed in many substances
such as amino acids [1], drug molecules [2], and DNA [3]. A unique feature of a chiral material
is the lack of mirror symmetry, in which its chemical structure cannot be superimposed on its
mirror image [4], resulting in a different optical absorption when illuminated by left-handed and
right-handed circularly polarized (LCP and RCP) light, leading to different circular dichroism
(CD) responses [5]. Optical chirality has been widely used in many promising applications such
as medical diagnosis [6], pharmaceutical development [7,8], and optical communication [9—11].
However, the optical chirality of natural materials is extremely weak due to the limited chiral
light-matter interaction strength, which is caused by the small size of the molecular structure
relative to the incident wavelength and the restricted dielectric properties of the material [12].
Recently, optical metamaterials and metasurfaces with specially designed periodic structures have
been introduced to offer exceptional functionalities [13—16]. In particular, chiral metamaterials
and metasurfaces can be designed to possess strong chiroptical responses by considering various
types of asymmetric structures, such as double-bar antennas [17], helices [18,19], split-rings
[20,21], letter-shaped patterns [22], and eye-shaped resonators [23]. The enhanced chiroptical
responses in chiral metamaterials and metasurfaces can be applied to advance many fields
such as CD spectroscopy, photodetection, optical encryption, and perfect absorption [24-29].
However, most of the previously reported chiral metamaterials and metasurfaces operate in a
single wavelength band with a certain CD value, where the sign of CD can only be switched by
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alternating the enantiomers. It is important to design chiral metamaterials and metasurfaces in
dual- or multiple-wavelength band operation with a controlled CD value in each band. In the
mid-infrared wavelength range, in particular, such dual-band operation could offer the benefit of
simultaneous detection of multiple featured vibrational fingerprints in chiral molecular sensing
[23], and high-efficiency thermophotovoltaics with tailored thermal radiation absorption and
emission [30].

In this work, we design and demonstrate mid-infrared chiral metasurface absorbers with
selective chiroptical responses in the dual-wavelength bands of 4-5 um and 5-6 um based on a
three-layer metal-dielectric-metal structure. The dual-band selectivity and tunability of chiral
optical absorption under LCP and RCP incident light on the chiral metasurface absorbers are
demonstrated by the unique design of two coupled rectangular bars on the top metallic layer. The
sign of the CD value in each wavelength band can be independently controlled and switched
by simply varying the width and length of the vertical rectangular bar of the unit cell. The
underlining mechanism of the dual-band selection of chiral optical absorption in the metasurface
is further explained with the simulated electric field and magnetic field distributions of the chiral
resonant modes, showing that its physical origin relies on the formation of the antibonding
and bonding modes in the two coupled rectangular bars under LCP and RCP incident light.
Moreover, the resonance wavelength of the chiral optical absorption can be continuously shifted
by scaling up the geometric parameters of the metasurface unit cell. Our strategy in manipulating
dual-band selective chiroptical responses of mid-infrared chiral metasurface absorbers provides
unprecedented design flexibilities that will impact the advancement of future applications on
molecular vibrational sensing, thermophotovoltaics, and optical communication.

2. Design and characterization of dual-band chiral metasurface absorbers

Figure 1(a) shows the schematic of the designed dual-band chiral metasurface absorbers fabricated
on a three-layer gold-alumina-gold (Au-Al,O3-Au) structure, which is composed of two coupled
rectangle bars on the top Au layer of 65 nm thick, the middle Al,O3 spacer layer of 250 nm
thick, and the bottom Au mirror layer of 200 nm thick on the silicon substrate. The Au layers are
deposited using a Lesker PVD250 electron beam evaporator, and the Al,O3 layer is deposited
in a Lesker CMS18 reactive sputtering system. The top view of the metasurface unit cell is
presented in Fig. 1(b), showing the geometric parameters of two coupled rectangular bars with
periods of Px and Py. The width and length of the tilted rectangular bar, rotated by an angle
a, are Al and A2, respectively, while the width and length of the vertical rectangular bar are
B1 and B2. The tilted rectangular bar in the unit cell breaks the mirror symmetry so that the
coupled rectangular bars form a chiral structure producing strong chiroptical responses under
the illumination of LCP and RCP light. In addition, since the rectangular bar can provide two
plasmonic resonances at different frequencies along its two sides, the chiroptical responses will be
displayed in dual-wavelength bands. Moreover, the top and bottom Au layers form a Fabry-Pérot
cavity, which allows the incident light to be reflected multiple times to form a resonant mode,
further enhancing the chiral optical absorption of incident circularly polarized light. The purpose
of the bottom Au mirror layer is to fully block the transmitted light so that the absorption can be
obtained easily by the equation A =1 - R, where the A and R represent absorption and reflection,
respectively. A focus ion beam (FIB) milling system (FEI Helios Nanolab 600, 30 kV, 92 pA) is
used to fabricate the designed dual-band chiral metasurface absorbers. Figure 1(c-f) present the
top view of scanning electron microscope (SEM) images of four different chiral metasurface
absorbers with the same unit cell periods and the unchanged tilted rectangular bar A, but varying
dimensions of the vertical rectangular bar B. The geometric parameters of these metasurface
structures are Px =3.8 um, Py =2 pm, A1=0.96 pm, A2 =1.52 ym, a=29°, B1 =0.86, 1.10,
1.10, 0.86 um, and B2 =1.44, 1.42, 1.65, 1.63 um for structures 1, 2, 3 and 4, respectively.
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Fig. 1. (a) Schematic of the designed dual-band chiral metasurface absorber. (b) Top
view schematic of the metasurface unit cell with two coupled rectangle bars. (c-f) SEM
images of the fabricated chiral metasurface absorbers with four different structures having
the geometric parameters of Px =3.8 um, Py =2 pum, A1 =0.96 pm, A2 =1.52 pm, 0. =29°,
and for structures 1, 2, 3 and 4, B1 =0.86, 1.10, 1.10, 0.86 um, and B2 =1.44, 1.42, 1.65,
1.63 um, respectively. Scale bar: 2 pm.

The four metasurface structures are characterized by measuring the chiral optical absorption
responses under circular polarizations in the dual-wavelength bands of 4-5 um and 5-6 pum. The
reflection spectra of the four structures are measured by a Fourier transform infrared spectrometer
(FTIR, Nicolet 6700) connected to an infrared microscope. The incident LCP and RCP light
is obtained by the combination of a linear polarizer and a quarter-wave plate. In addition,
the CST Studio Suite software is used to simulate the optical responses of the designed chiral
metasurface absorbers under both circular polarizations, where the permittivity of alumina
is taken from experimental data [31], and the permittivity of gold is described by the Drude
model €4, = €co — u)pzl(w2+iypw), where the background dielectric constant €., = 1, the plasma
frequency w, =1.37 x 10'° rad/s, and the damping constant vp=4.08 X 10'3 rad/s. The damping
constant of the gold film is set to be three times that of bulk gold in the simulation in order to
match the experimental results [32]. The measured and simulated absorption spectra for the
four metasurface structures with different geometric parameters of the vertical rectangular bar B
are depicted in Fig. 2(a-h), showing distinct chiroptical responses in the dual-wavelength bands
of 4-5 um and 5-6 pum for incident LCP and RCP light. Figure 2(a) demonstrates that the two
chiral plasmonic resonances of Structure 1 (B1=0.86 um and B2 =1.44 um) located in both
4-5 ym and 5-6 um bands exhibit a stronger absorption of RCP light than that of LCP light. By
increasing B1 to 1.10 um and keeping B2 almost unchanged as 1.42 pym, Structure 2 now displays
the opposite chiral absorption responses in the two wavelength bands, where the absorption of
LCP light in the 4-5 pm band is stronger than that of RCP light but weaker in the 5-6 um band, as
shown in Fig. 2(b). Next, for Structure 3 where B1 is kept as 1.10 pm and B2 is increased to
1.65 um, it is observed that the absorption of LCP light is stronger than that of RCP light in both
wavelength bands, as shown in Fig. 2(c). Finally, in Structure 4 where B1 is changed back to
0.86 um and B2 is almost the same, set at 1.63 pum, the opposite chiral absorption responses in
the two bands are obtained again, however, now the absorption of RCP light in the 4-5 um band
is stronger than that of LCP light but weaker in the 5-6 um band, as indicated in Fig. 2(d). The
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slight deviations between the measured and simulated absorption spectra are thought to be due to
the defects and roughness of the fabricated rectangular bar patterns introduced during the FIB
milling process. It is clear that by adjusting the geometrical parameters, width and length, of the
vertical rectangular bar B, the dual-band selectivity and tunability of the chiral optical absorption
under LCP and RCP light can be achieved in the designed chiral metasurface absorbers, which is
enabled by the unique design of two coupled rectangular bars.

The physical origin of the observed dual-band selection of chiral optical absorption in these
four metasurface structures is related to the plasmonic dipolar resonant modes in the two coupled
rectangular bars. To understand the underlining mechanism, Fig. 3 displays the simulated electric
field distributions across the plane of the upper surface of the Al,O3 spacer layer for both LCP and
RCP light at the plasmonic resonance wavelengths for chiral absorption. As shown in Fig. 3(a),
two plasmonic resonant modes at different wavelengths are formed in the coupled rectangular bars
of Structure 1 under the circularly polarized incident light, with the electric fields concentrated
on the long and short sides of the two rectangular bars, respectively. It shows that the RCP
incident light is strongly coupled into the plasmonic dipolar resonant modes of two rectangular
bars in the dual-wavelength bands of 4-5 um and 5-6 um, which gives stronger optical absorption
than the LCP light. For Structure 2, Fig. 3(b) shows that when the width of the rectangular
bar B is increased and becomes larger than that of the rectangular bar A (B1 > A1) while the
length B2 stays almost unchanged, the electric field concentration on the long sides of the two
bars under LCP illumination is stronger than that under RCP in the 4-5um band. The electric
field distributions in the 5-6 um band is still similar to that shown in Fig. 3(a), with stronger
electric field excitation under RCP illumination. This is because the increased B1 changes the
coupling strength of the plasmonic dipolar modes concentrated on the long sides of the two
rectangular bars, whereas the dipolar modes located at the short sides are not affected. Then
for Structure 3 shown in Fig. 3(c), both the width and length of the rectangular bar B are larger
than those of the rectangular bar A (B1 > A1, B2 > A2), so the coupling of the plasmonic dipolar
modes accumulated on both the long and short sides are changed compared to that observed in
Structure 1. Contrary to Fig. 3(a), it results in a weaker absorption under RCP incidence than
that under LCP incidence in both wavelength bands. Finally, for Structure 4 only the length of
the rectangular bar B is greater than that of the rectangular bar A (B2 > A2), the coupling of
the plasmonic dipolar modes located at the short sides of the two rectangular bars is changed,
leading to a stronger absorption in the 5-6 um band but a weaker absorption in the 4-5um band
for LCP light compared to the RCP case, which exhibits the opposite chiroptical responses
obtained for Structure 2. In the two coupled rectangular bars, the tilted rectangular bar A enables
symmetry-breaking, which results in strong optical chirality, while the selection and switching of
chiral optical absorption in the two wavelength bands are achieved by simply varying the width
and length of the vertical rectangular bar B. Moreover, since the electric field excited by the
circularly polarized light is concentrated on the long and short sides of the rectangular bars, the
chiral resonance wavelengths of the designed metasurface can be easily tuned by changing the
dimensions of the rectangular bars.

To further understand the chiral plasmonic modes supported in the designed structures and
interpret the design tunability of chiral responses, Fig. 4 and Fig. 5 present the simulated
distributions of electric field E, component, electric field vector and magnetic field vector in the
structures. Figure 4 depicts the distributions of E, component at the interface between the top
Au layer and the dielectric spacer for LCP and RCP excitation at the two wavelength bands in
all four structures. The E, distributions indicate the charge density profiles, and the simplified
mode sketches with the corresponding charge distributions are plotted in Table 1 to summarize
the characteristic plasmonic modes (modes a, b, c and d) in the two coupled rectangular bars.
The strong near-field coupling between the two bars via the adjacent bar corners produces the
antibonding mode with higher energy and the bonding mode with lower energy. The antibonding
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Fig. 3. (a-d) Simulated electric field distributions in Structures 1-4 at the interface between
the top Au layer and the dielectric spacer under LCP and RCP incidence at the two chiral
resonance wavelengths (WL) in the 4-5 um and 5-6 um bands.

mode (illustrated as mode a in Table 1) is formed by the accumulation of charges of the same sign
at the adjacent bar corners, while the bonding mode (illustrated as mode b in Table 1) is created
with the opposite charges located at the adjacent corners. For example, in Structure 4, mode a is
displayed in the bottom-left picture and mode b is shown in the top-right picture of Fig. 4(d). It is
noteworthy that the charges are located along the long sides of two bars in the antibonding mode
at the shorter wavelength A;, whereas the charges are distributed along the short sides of the bars
at the longer wavelength A,. On the contrary, there are two weakly-coupled modes appeared in
the top-left picture and the bottom-right picture of Fig. 4(d) (illustrated as mode ¢ and mode d
in Table 1). Mode c is excited by the LCP incident light where the charge is localized at the
bottom-left corners of two bars, whereas mode d is coupled by the RCP light with the charge
concentrated at the bottom-right corners of both bars, so the optical coupling between the two bars
is extremely weak. Figure 5(a) plots the spatial distributions of electric field vector at the middle
plane of the top Au layer in Structure 4, and Fig. 5(b) shows the spatial distributions of magnetic
field vector at the middle plane of the dielectric spacer layer. The orientations of electric dipoles
(pa and pp) and magnetic dipoles (ma and mp) in individual bars are marked for visualization.
In the configurations of mode a and mode b, the direct interplay of non-orthogonal electric
dipoles and magnetic dipoles results in the intrinsic chirality polarizability of the two coupled
rectangular bars, and thus both the antibonding and bonding plasmonic modes exhibit strong
chiral absorption. On the other hand, the chirality polarizability induced from the non-orthogonal
electric and magnetic dipoles is relatively weak, so mode ¢ and mode d present a low chiral
absorption.
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Fig. 4. (a-d) Simulated electric field distributions of E; component in Structures 1-4 at the
interface between the top Au layer and the dielectric spacer for LCP and RCP excitation at
the two chiral resonance wavelengths (WL) in the 4-5 pm and 5-6 um bands.
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Fig. 5. (a) Simulated electric field vector distributions at the middle plane of the top Au layer
and (b) simulated magnetic field vector distributions at the middle plane of the dielectric
spacer layer in Structure 4. The orientations of electric dipoles (pa and pg) and magnetic
dipoles (mp and mp) in individual bars are marked for visualization.
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Table 1. Mode sketches with the corresponding charge distributions for modes a, b, ¢, d in
Structures 1-4.

mode a mode b mode ¢ mode d
p ++ ++ P - p -
- -
- &+ Y = 4=
- S . + + +
LCP, bar A, A,
Structure 1 RCP, bar A, A, RCP, bar B, A, LCP, bar B, A,
Structure 2 LCP, bar B, A; RCP, bar B, A, LCP, bar B, A, RCP, bar B, A\,
RCP, bar B, A,
Structure 3 LCP, bar B, A, LCP, bar A, A, RCP, bar A, A,
Structure 4 RCP, bar A, A, LCP, bar A, A, LCP, bar A, A, RCP, bar A, A,

Moreover, the selection of chiral excitations for mode a and mode b is discussed as follows.
For the antibonding mode (mode a), the charge distribution in bar A is rotated in anticlockwise
direction which follows the electric field rotation of RCP light, whereas the charge in bar B is
rotated in clockwise direction following the LCP light. In addition, the bar with a larger width is
designed to be majorly excited by the incident light at A; and then couples to the other bar to
form the plasmonic resonant mode. As a result, in Structure 1 and Structure 4, bar A with the
larger width is strongly excited with RCP light (labeled in Table 1 as “RCP, bar A, A;”) and then
couples to bar B, leading to a high absorption for the antibonding mode (mode a) under RCP
illumination. Instead, in Structure 2 and Structure 3, bar B with the larger width is favorably
excited under LCP incidence (labeled in Table 1 as “LCP, bar B, A;”’) and couples to bar A, thus
a high absorption under LCP illumination is observed. For the bonding mode (mode b), the
charge rotation directions in bar A and bar B are flipped compared to the antibonding mode,
which corresponds to the rotation directions of the LCP and RCP incident light, respectively.
Here, the bar with a smaller length is designed to be strongly excited by the incident light at
A2 and then couples to the other bar. Therefore, in Structure 1 and Structure 2, bar B with the
smaller length is excited with RCP light (labeled in Table 1 as “RCP, bar B, A,”), giving a high
absorption for the bonding mode (mode b) under RCP illumination. On the contrary, in Structure
3 and Structure 4, bar A with the smaller length is excited with LCP light (labeled in Table 1 as
“LCP, bar A, A,”) to achieve a high absorption under LCP illumination.

The CD in absorption is defined as CD = Aycp — Arcp, giving a positive CD value when the
absorption of LCP light is greater than that of RCP light, and negative otherwise. Based on
Fig. 2, the measured and simulated CD spectra of the four metasurface structures are plotted in
Fig. 6(a,b). A significant advantage of the designed dual-band chiral metasurface absorber is that
the sign of the CD value in each wavelength band of 4-5 pm and 5-6 um can be independently
selected and controlled by only varying the dimensions of B1 and B2 in the vertical rectangular
bar B. It is shown that the sign of CD is negative in both wavelength bands for Structure 1. As
only B1 > Al in Structure 2, the CD value at 4-5 pm flips into positive, but the CD remains
negative at 5-6 pm because B2 is almost unchanged. Next, as both B1 > Al and B2 > A2 in
Structure 3, the CD values are switched from negative to positive in both bands compared to
those obtained for Structure 1. With only B2 > A2 in Structure 4, the CD value at the 5-6 um
band is flipped from negative to positive compared with Structure 1, but the CD stays negative
for the 4-5 ym band. These results indicate that the CD flipping in the wavelength band of 4-5
um can be obtained by simply varying B1, while the CD flipping in the band of 5-6 um can
be achieved by adjusting B2, making it possible to independently control the value of CD in
each band. Furthermore, the simulated CD spectrum mapping for Structure 1 as a function of
the geometrical parameter B1 as it increases from 0.8 to 1.2 um is displayed in Fig. 6(c). The
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transition point in which CD flips sign from negative to positive is observed for B1 =0.98 um
in the 4-5 um band. Figure 7(a,b) display the simulated absorption spectra and electric field
distributions for such structure at the CD transition point. It is indicated that the absorption values
in the 4-5 pm band under LCP and RCP light are almost the same, and the antibonding mode
(mode a) is excited in the coupled rectangular bars for both LCP and RCP illumination, leading
to the zero CD value. The CD spectrum mapping for Structure 2 with B2 varying from 1.4 to 1.8
um is also plotted in Fig. 6(d). The switching of CD from negative to positive is achieved at
approximately B2 =1.55 pum for the 5-6 um band. Figure 7(c) plots the simulated absorption
spectra of the structure at the CD switching point under LCP and RCP illumination, showing that
the structure absorbs both LCP and RCP incident light almost equivalently and exhibits the zero
CD. The electric field distributions shown in Fig. 7(d) further suggest that the bonding mode
(mode b) is excited in the couped rectangular bars with both LCP and RCP light. It is therefore
shown that by simply varying the dimension of the geometric parameters B1 and B2, the sign
and the magnitude of CD can be selected and manipulated in the two wavelength bands.
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Fig. 6. (a) Measured and (b) simulated CD spectra of four metasurface structures. (c¢) Sim-
ulated CD spectrum mapping for Structure 1 as a function of the value of the geometric
parameter B1. (d) Simulated CD spectrum mapping for Structure 2 obtained by varying B2.

In addition, the resonance wavelength of the chiral absorption can be continuously shifted by
scaling up the geometric parameters of the metasurface unit cell. The scale-up factor of k" is
applied to all the geometric parameters of the unit cell except the rotation angle a, while keeping
the thicknesses of the metal and dielectric layers unchanged. The scaling constant has a value
of k=1.03 and the exponent n =0, 1, 2, 3 and 4. By considering Structure 1 as one example,
Fig. 8(a,b) plot the measured and simulated optical absorption spectra of the chiral metasurface
absorbers with different scale-up factors under LCP and RCP incidence, with the corresponding
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Fig. 7. Simulated absorption spectra and electric field distributions for the structures at the
CD transition point. (a, b) Structure with B1 = 0.98 pum for achieving zero CD in the 4-5 pm
band. (c, d) Structure with B2 = 1.55 pum for obtaining zero CD in the 5-6 um band.

CD spectra shown in Fig. 8(c,d). It shows that as the metasurface unit cell is scaled up to a larger
size, the plasmonic resonance wavelength is continuously increased, while the absorption of RCP
light is always stronger than that of LCP light and thus the value of CD remains negative in both

wavelength bands.
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Fig. 8. (a) Measured and (b) simulated optical absorption spectra for Structure 1 with
different scale-up factors k". (c) Measured and (d) simulated CD spectra corresponding to
(a) and (b).

3. Conclusion

In summary, mid-infrared chiral metasurface absorbers with selective chiral optical absorption in
dual-wavelength bands have been designed and demonstrated. The dual-band CD selectivity and
tunability under LCP and RCP incident light in the chiral metasurface absorbers is enabled by the
unique design of two coupled rectangular bars on the top metallic layer. It is demonstrated that
the sign of CD in each wavelength band can be independently controlled and flipped through the
modification of the interactions between the two rectangular bars, which is achieved by simply
varying the value of the geometric parameters, width and length, of the vertical rectangular bar.
The mechanism of the dual-band chiroptical response and CD selection in the designed chiral
metasurface is revealed by analyzing the simulated electric field and magnetic field distributions
of the antibonding and bonding modes formed in the two coupled rectangular bars under both
LCP and RCP incidence. In addition, the resonance wavelength of the chiral optical absorption
is continuously tuned by scaling up the geometric parameters of the metasurface unit cell. Our
current results show the design tunability of metasurface structures to achieve different chiral
optical responses by slightly adjusting the geometric parameters. In the future, dynamically tuning
of the chiroptical properties in metasurfaces using phase change materials, electrical gating and
strain tuning mechanisms can be implemented. The ability to control the dual-band selective CD
in mid-infrared chiral metasurface absorbers will open further opportunities for many applications
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such as thermal energy harvesting, optical communication, circular polarization photodetection,
chiral sensing and imaging [33-35]. We envision the demonstrated dual-band chiral metasurfaces
will create a promising chiral sensing platform for selective and sensitive detection of chiral
molecules, especially for the mid-infrared vibrational sensing of phonon modes.
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